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Wall, Zackary S., M.S., September, 2012 
A Structural History of the Garnet Stock and its Relationship to Deformation Along 
the Lewis and Clark Line, Western Montana 
Director: James W. Sears 
The Lewis and Clark line experienced sinistral transpressive shear during the Late Cretaceous-
late Paleocene Laramide orogeny along the boundary between the massive Lewis-Eldorado-Hoadley 
thrust slab to the NE and the Sapphire and Lombard thrust slabs to the SW. The transpression extruded 
SE trending, en echelon flower structures along a 40 km-wide shear zone. Late Cretaceous satellite 
stocks of the Boulder batholith intruded the shear zone and interfered with folding and faulting. One of 
these, the 83-Ma Garnet stock, invaded a narrow NE-trending fracture zone that straddled the shear 
zone at deeper levels in the Proterozoic Belt Supergroup but mushroomed in a SE-trending, SW-verging 
syncline in the Paleozoic section, imprinting a compressional fabric in its aureole of E-W striking cleavage 
planes and top-to-the-SW rotated porphyroblasts. The stock and its family of sills did not cross the axial 
plane of the neighboring anticline, and the contact aureole was generally confined to the syncline and 
the steep limb of the anticline-syncline pair. Maximum pressure and temperature of contact 
metamorphism is estimated at 2.8 kbar and 650°C from thermodynamic modeling of andalusite-
sillimanite bearing hornfels. Magmatic stoping led to downward shear being applied to rock of the 
contact aureole, creating a down-dip stretching lineation and layer-parallel boudins. Stratigraphic units 
thin to ~1/2 of their normal thickness within the aureole due to metamorphism as well as shear 
associated with stoping. Emplacement was followed by a second phase of transpression that began after 
76 Ma and ended during the early Cenozoic, when the Lewis and Clark Line underwent dextral 
transtensile shear evidenced by a newly-mapped right-lateral extensional accommodation zone within 
the field area. 
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I. Introduction 
The Lewis and Clark Line (LCL) is one of the major transcurrent shear zones in the North 
American Cordillera. It trends ESE from northern Idaho to central Montana, crossing the Belt basin and 
the northern Rocky Mountains. This study focuses on the kinematic evolution of a key section of the LCL 
in west central Montana where a well dated Late Cretaceous stock invaded the shear zone 
syntectonically (see Fig. 1).  
Present Study 
The objectives of this study are to gain a better understanding of the Late Cretaceous evolution 
of the Lewis and Clark Line and establish a viable model for an emplacement mechanism of the Garnet 
stock.  In pursuit of these goals, the sequence and nature of tectonic deformation that occurred within 
the area for the time immediately before, during, and after intrusion of the Garnet stock are 
documented. Specifically, this study address the following questions: did the stock intrude between two 
distinct phases of fabric development? What are the structures in the area that define these phases? 
And what motions or displacements produced the structures? 
To help determine the timing and nature of deformation along the LCL, the author has 
investigated a dated intrusion, the Garnet stock, which is a syntectonic granitic body that intruded the 
LCL during the Late Cretaceous (Lonn et al., 2010; Ruppel et al., 1981; Wilkie, 1986). Contact with the 
small pluton exposed the surrounding aureole to upper-greenschist facies metamorphic conditions. 
Fabric elements within and beyond the contact aureole have been examined, to determine relative-
timing relationships and correlated these elements with the absolute ages from the stock and its 
aureole. The theory behind this is that recrystallization of siliciclastic and carbonate sedimentary rocks 
at greenschist facies was sufficient to inure the new mineral assemblage against subsequent cleavage 
formation during low-temperature plastic deformation. By this reasoning, if regionally correlated fabrics 
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are not present in the hardened aureole, but are present beyond it, then it is likely that deformation 
responsible for regional fabric development occurred entirely after contact metamorphism (and after 
intrusion of the stock). Likewise, if there is one fabric set found within the aureole, but two distinct sets 
found beyond, then emplacement of the Garnet stock probably interceded two separate deformation 
events within the LCL. It is also noted that fabric elements themselves present a wealth of information 
regarding orientations of stresses suffered by the rocks during deformation and are used in a 
comparison of the nature of distinct deformational events both regionally and immediately surrounding 
the stock. 
Two uncertainties hinder this fabric analysis. First, use of the Garnet stock and its associated 
contact aureole as a fabric ‘time stamp’ for the LCL necessitates that the method of intrusion be known. 
This is because a forcefully intruded stock may imprint its own fabric on the rock it invades, while a 
passively intruded stock would leave no such mark, and may obliterate a preceding tectonite signature. 
After passive intrusion, any fabric found within the stock or its aureole would likely be the product of 
external stresses (Paterson et al., 1991; Brun and Pons, 1981). Fabric relationships can also be 
influenced by whether the pluton was emplaced pre-tectonically, syn-tectonically, or post-tectonically 
(see table 1, Paterson and Tobisch, 1988). 
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Table 1 Characteristics of pre-, syn-, and post-tectonically emplaced plutons (compiled from Paterson and Tobisch, 1988). 
The second uncertainty is whether or not contact metamorphism had left the surrounding 
country rock sufficiently hardened against further tectonite development. Conclusions based on fabric 
presence will be more robust if this is addressed. A definitive statement about the resistance of the 
aureole to cleavage formation can be made by establishing the thermodynamic conditions of contact 
metamorphism and the mineralogy of the rocks in the contact aureole (Blatt et al., 2006; van der Pluijm 
and Marshak, 2004; Suppe, 1985).  
The two above challenges require a clearly defined second hypothesis to be tested as part of 
this study. This hypothesis is that the Garnet stock intruded its environs at shallow depth and in a 
passive, syn-tectonic manner, driving off a significant portion of volatile and non-volatile components 
such as calcium carbonate and water, leading to severe stratigraphic attenuation and resistance to 
further fabric development within the contact aureole. 
Geologic Setting 
Lewis and Clark Line 
Deformation has recurred along the Lewis and Clark Line (LCL) intermittently over the past 1.5 
billion years (Sears, 2007; Lewis et al., 2004; Hyndman et al., 1988). The LCL originated as a faulted 
Pre-tectonic Syn-tectonic Post-tectonic
Forceful Passive
Regional fabric bends around 
pluton
Continuity of foliation within 
and outside the body
Penetrative foliation in the country 
rock, concordant with pluton margin
Lack of deformational fabric 
within the pluton
Minor amounts of 
intracrystalline deformation 
within the pluton
Continuity of stretching 
lineations within and outside 
the body
Foliation within the pluton defined 
by flattened enclaves and oriented 
minerals
lack of deformational fabric in 
the country rock temporally or 
spatially related to the pluton
Strain shadows around pluton 
margins
Presence of synkinematic 
contact metamorphic 
assemblages that show max 
grade near the pluton
Post-kinematic growth of contact 
metamorphic minerals
truncation of regional 
structures against the pluton 
margin
Gradation between regional 
and pluton-related strain 
fields, with highest strain at 
pluton margin
post-kinematic growth of 
porphyroblasts in the contact 
aureole. 
Concordance of pluton shape 
with regional structure
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depositional boundary within the well-studied Mesoproterozoic Belt basin (Sears et al., 1998; Winston 
1986; Harrison et al., 1974). Afterward, it served as the location of a failed Neoproterozoic continental 
rift (Harlan et al., 2005; Burtis, 2003). During the Mesozoic, the LCL became a zone of left-lateral 
transpressive shear (van der Pluijm et al., 2006; Sears and Hendrix, 2004) and took up right-lateral 
transtensile motion during the Cenozoic (Wallace et al., 1990). Structural overprints exhibited by this 
ancient crustal-scale transverse fault zone complicate the understanding of its evolution.  
 
 
5 
 
5 
 
  Figure 1 Geologic map of the Missoula East Quadrangle.Field area located within black rectangle at northeast corner of map. Inset: 
location of quad shown as pale blue rectangle, location of field area shown as red rectangle, Lewis and Clark Line depicted by shear 
band running horizontally through inset. 
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The LCL formed a boundary between two large thrust plates during the Late Cretaceous –late 
Paleocene Laramide orogeny. Configuration of regional-scale structures suggests that the LCL 
accommodated left-lateral differential movement between the Lewis-Eldorado-Hoadley thrust plate in 
the north and the Sapphire thrust plate in the south under a transpressive stress-regime (Sears, 2007; 
Sears and Hendrix 2004; Griffin, 1989). As a result, a positive flower structure blossomed along the line.  
Rocks under transpression are often exposed to tensile forces oriented roughly orthogonal to 
principle compressive stresses (van der Pluijm and Marshak, 2004). In the case of the LCL, the results are 
regional-scale, en echelon tension gashes, which provide conduits for Cretaceous continental-arc 
magma to migrate surface-ward. Located within the LCL and trending across the grain of regional 
structural fabric, the Garnet stock may have intruded along one of these deep-seated tension fractures. 
Garnet Stock 
The Garnet stock was emplaced within the LCL as a satellite pluton of the Boulder batholith 83 
million years ago (Sears, 2001). The granitic pluton appears to have abandoned its initial vertical 
magmatic trajectory to intrude a developing syncline in sill-like fashion, ultimately assuming a laccolith 
form not unlike a martini glass. Intruded at the Cambrian-Devonian stratigraphic level, the laccolith 
portion of the stock is fairly concordant with regional structure (Lonn et al., 2010; Sears et al., 2010).  
The Garnet stock is bordered by a structurally complex fold set known as the Deep Creek 
anticline (DCA) and the split-nosed Cave Gulch and Mulkey Gulch synclines (CGS and MGS, respectively). 
The crest of the DCA is a structural boundary for deformation related to emplacement of the pluton. To 
the southwest of this crest, stratigraphic units maintain a regionally consistent thickness. However, the 
units become severely thinned on the northeastern limb (see Figs. 2 and 3). Whether this is a result of 
tectonic attenuation or geochemical condensation is addressed in the discussion portion of this paper. 
The MGS is a highly strained box-fold cored by mechanically weak Mesozoic units. Its southwestern limb 
forms  
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Figure 2 Geologic cross section through the Cave Gulch Syncline and Deep Creek Anticline near Garnet, MT (modified from Sears et al., 2010). 
B
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Figure 3 Geologic cross section along Deep Creek, transecting the Deep Creek Anticline and Cayuse Gulch Syncline. See 
Appendix for discussion of unit abbreviations.  
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half of the Bearmouth Anticline, a fault-propagated fold at the head of the Bearmouth Thrust. This fault 
puts Belt rocks atop younger Belt and Phanerozoic strata, and is mappable for over 45 km along the I-90 
corridor in western Montana (Lonn et al., 2010).  
Importance 
For the past century and a half, the Lewis and Clark Line has hosted hundreds of bedrock and 
placer mines (Gillerman and Bennett, 2009; Montana NRIS database). Roughly 150 gold mines exist 
along the LCL in Montana (Montana NRIS database, see Fig.3). Because of the natural transportation 
corridor that it provides, a significant portion of Montana and Idaho’s populations live along, or adjacent 
to, the LCL and are dependent upon an accurate understanding of its geology for economic prosperity, 
ground water provisions, and evaluating active faults. This study offers new data and interpretation to 
the current body of scientific knowledge regarding the structural development along a portion of the 
Lewis and Clark Line.  
The Garnet area is best known for its rich mining history and is home to the popular Garnet and 
Coloma ghost-towns, which were prolific gold-producing settlements during the late 19th and early 20th 
centuries. A current swell in commodity prices has contributed to a renaissance of gold exploration in 
the area. One of the most important aspects of mineral exploration is an accurate knowledge of the 
structural geology within the region of interest. Thermodynamic models and structural fabrics often 
hold keys to understanding ore-mineralization characteristics and habits (Heinrich et al., 2004; Borisov 
et al., 2006). This study is useful in defining the subsurface position of valuable ore veins within current 
claims and may prove a ‘dowsing rod’ in the pursuit of new ones. 
In a broader context, this study contributes to the understanding of how the Earth’s crust 
deforms and responds to synorogenic epizonal intrusion, as well as the effects of regional plutonism on 
the kinematics of crustal-scale strike-slip systems. It will be part of an emerging regional picture of the 
relationship between structure and igneous intrusion in the Rocky Mountains.  
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Figure 4 Mining districts along the Lewis and Clark Line. Source: MT NRIS database. 
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Additionally, the timing of Mesozoic deformation in western North America has been applied to 
sequence stratigraphy, and the results of this study may be correlated to Cretaceous stratigraphic 
sequences that can be used as a calibration of basin-evolution theories for the northern Rocky Mountain 
foreland petroleum reserves.  
Previous Work in the Garnet Area   
Various tracts of the Garnet field area have been studied by Kaufman (1963), Brenner (1964), 
Mejstrick (1980), Griffin (1989), and Mann (2004). Sears (2010) compiled several maps of the Garnet 
stock and its surroundings which, combined with his own mapping, was a significant contribution to the 
geologic map of the Missoula East quadrangle, recently published by the Montana Bureau of Mines and 
Geology (Lonn et al., 2010). Griffin (1989) described the rocks at the southern edge of the Garnet field 
area to be part of a Cretaceous left-lateral thrust ramp, but made no precise conclusions regarding 
relative timing or relationship to the intrusion of the stock. Mann (2004) examined the contact aureole 
of the Garnet stock and estimated that it intruded at roughly 5-6km depth. A thorough review of the 
mining history of the area is provided by Mann (2004). Sears (2001) reported a U-Pb zircon age of 83 Ma 
and Ruppel et al. (1981) reported a K-Ar hornblende age of 82.4 ± 1.0 Ma for the stock. With respect to 
the timing of deformation near the field area, a paleomagnetic study by Priest (2000) demonstrated 
post-emplacement clockwise rotation of a 76 Ma sill roughly 150 km to the NE of the Garnet stock. 
The two most influential studies of this area happen to be two of the oldest works. The author 
has found the most helpful stratigraphic descriptions to be those given by Emmons and Calkins (1913) 
and Kaufman (1963). 
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II. Fabric Analysis 
Tectonite fabrics are commonly used to quantify strain and establish an historical account of 
tectonic deformation for a given region through the examination of their orientations and cross-cutting 
relationships. Fabric analyses are especially useful for distinguishing separate deformational events in 
areas of complex structure (Fernandez et al., 2005; Czeck and Huddleston, 2003; Boulter, 1976). The 
general geologic characteristics found in the field area make it well suited to such a study. 
Fabric Analysis Methods 
 Bedding orientations, cleavage planes, veins and veinlets, stretching lineations, and slickenside 
lineations were measured. Tectonite fabric and magmatic textures were also documented within the 
contact aureole, often in the form of rotated porphyroblasts, lineated metamorphic assemblages, and 
xenoliths. Data were analyzed using Richard Allmendinger’s Stereonet 7 program to identify systematic 
relationships between fabric elements (Allmendinger et al., 2011). Data with similar orientation and 
spatial distribution were separated into respective domains. Strain ellipses were compared with the 
stress fields that best fit the fabric data and incorporated into a model for the style, magnitude, and 
timing of deformation within the Garnet-Bearmouth area.  
Large-scale fabric systems 
A π-pole analysis was performed for a spatially continuous, well-mapped fold in the field area, 
the Cave Gulch syncline. Bedding orientations measured near the southern boundary of the Garnet 
stock were projected on an equal-area stereonet. Poles to these bedding orientations were calculated 
and plotted to form fold-girdles which were then assigned planes of best-fit. The poles to these planes 
correspond to the trend and plunge of the axis of this fold.  Each cluster of π-poles was given its own 
domain. These domains were compared with the geologic map to help define fault-block rotations. 
Outcrops of non-massively bedded rock are rare in the low, forested hills of the Garnet mountain range. 
In some cases it was not possible to collect a sufficiently large number of bedding measurements for 
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stereographic analysis. When this occurred, I also incorporated the revised Garnet geologic map into this 
analysis by linking points of maximum curvature along the Cave Gulch syncline to find the fold’s axial 
trace. From this map, I created a long-profile structural cross-section of the Cave Gulch syncline, using 
the contact of the Park shale as a marker bed for interpreting any plunge-offsets in the fold (Figures  7 
and 11).  
Small-scale fabric systems 
In an effort to constrain the kinematic history of the Garnet stock and, in a broader sense, the 
Lewis and Clark Line, I followed the methods of Ramsay and Huber (1983) and Compton (1985) to 
examine rock fabric elements at outcrops within the Garnet field area. Observations of tectonite fabric 
were taken randomly to reduce any sampling bias. Cleavage planes were measured within units of both 
high and low mechanical contrasts in hopes of accounting for the refractive effect of competence on 
cleavage development during compression (Viola and Mancktelow, 2005). Outcrop-scale systematic 
fabric elements were investigated both within and beyond the contact aureole of the Garnet stock. This 
was done to investigate tectonite development with respect to the intrusion of the stock.  
Fabric Analysis Results 
Regional Fabric 
The structural grain of the Lewis and Clark Line is dominated by southeast plunging en echelon 
folds. Likewise, cleavage planes and other small-scale tectonite fabrics within the LCL tend to orient at 
an azimuth of 130. All major thrust and reverse faults along the line strike roughly southeast, and exhibit 
either northeast or southwest directed transport (Lonn et al., 2010; Sears and Hendrix, 2004; Griffin, 
1989; Sears 1988). Beyond the LCL to the north and south, fabric assumes a N-S trend, parallel to overall 
structural grain of the Lewis-Eldorado-Hoadley and Sapphire thrust slabs (Figure 1).  
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Figure 5 Structure within and beyond the LCL. Left: contoured equal-area stereonet of poles bedding measurements within 
the LCL, from Thompson Falls to Drummond. Right: Equal-area stereonet of poles to bedding measurements taken south 
of Drummond. From: Griffin, 1989. 
Figure 6 Equal-area rose diagram of slickenside orientations in the field 
area. The majority plunge either to the SW or SE. 
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Local Fabric 
Six fabric domains exist in the country rock immediately to the south of the Garnet stock. The 
domains are distinguished by the abrupt differences in the trend of a single fold, here referred to as the 
Cave Gulch syncline (see Figure 7). Domain 1, located south of Deep Creek and east of Bear Gulch, 
exhibits a fold trend of 135/8°. Domain 2, located to north of Deep Creek, west of Elk Creek road, and 
east of Cayuse Gulch, exhibits a fold trend of 147/12°. Domain 3, between the Deep Creek road – Bear 
Gulch road intersection and Cayuse Gulch, exhibits a fold trend of 178/14°. Domain 4, located at the top 
of the Cave Gulch pass and extending southwest to Bear Gulch, Northwest to Anderson Hill, trends 
322/15°.  Domain 5 is the western most structural block in the area, trending 130/10°. Domain 6 is 
bounded to the southeast, southwest, and northwest by First Chance Gulch, Bear Gulch, and Kerns 
Gulch, respectively.  
Stretching lineations appear on the bedding surfaces of units in contact with the stock. These 
lineations have a rake between 80° (10° N of dip) and 90°. Tectonized porphyoblasts are observed within 
the contact aureole, specifically within the Red Lion hornfelsic member along Elk Creek road and  
east of Kerns gulch, on the SSW side of the stock.. The rotated cordierite porphyroblasts uniformly 
exhibit a top-to-the-south displacement. Boudinaged calc-silicate skarn, formerly of the Silver Hill 
formation, exists in the Elk Creek drainage. The garnet boudins of this unit are stretched down-dip (NW), 
toward the stock.  
 Rusty quartz veinlets, striking to the NE (060-080) and dipping steeply in either direction, are 
commonly observed in limonitic host rock adjacent to First Chance Gulch at the southern boundary of 
the stock. Full-sized ore-grade veins, such as the Lead King, appear within thrust faults striking SE-NW. 
Jointing is commonly observed, with no systematic sets dominating. Slickenside lineations plunge to the 
SW and SE. SE plunging slickensides show top-to-the-SE offset, while SW plunging striations show top- 
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Figure 7 Bedding fabric domains with corresponding Pi-pole analyses. Domains without stereonet analysis were established by 
geologic mapping. A-A’ follows the trend of the Cave Gulch Syncline, transecting the extensional structural grain of the area. B-
B’ crosses the Cave Gulch Syncline and Deep Creek Anticline, transecting the transpressive structural grain of the area. 
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to-the-NE offset. Near the stock, cleavage tends to strike NE-SW (060-070), dipping 60o to the NW. Near 
these cleavage planes, it is common to observe a parallel alignment of porphyroblasts along strike. 
Mann (2004) observed this occurring to andalusite crystals in the basal unit of the Red Lion. Beyond the 
contact aureole, cleavage appears to be axial planar (130/60NE). A particularly good place to see this is 
in the highly strained ribbon rock of the Red Lion Formation just south of Deep Creek. Here, strain is 
localized to a two meter-thick band within the relatively uniform Sage Creek member. Folded ribbons of 
red siltstone verge to the NE within a matrix of buff, cleaved limestone.   
Igneous textures 
The Garnet stock contains abundant xenoliths of hornblende diorite as well as country rock. 
Igneous xenoliths found within the stock are typically rounded, average one foot in diameter, and are 
more mafic than the granodiorite of the stock that surrounds them. They tend to be phaneritic and 
equigranular. The stock itself is zoned, where an upper-level of monzonite rests atop a granodiorite 
core. Angular carbonate xenoliths can be found within the stock and are commonly marbleized. At the 
head of Cayuse Gulch, a house-sized angular xenolith of Cambrian Meagher marble is fully engulfed by 
granodiorite.  The specimen is located at the same stratigraphic level as the Precambrian Garnet Range 
Fm., at least 130 m below its native stratigraphic position. A second house-sized xenolith lies at the 
northern rim of the stock, near Elk Creek road. Both specimens exhibit bedding orientations that are 
discordant with local structure.   
Fabric Analysis Discussion 
A comparison of tectonite fabric from outside and inside of the contact aureole reflects a two-
phase compressive deformation history for the region surrounding the Garnet stock. The stock and its 
network of sills do not manage to overlap the crest of the Deep Creek anticline, and seem to be more-
or-less confined to the structural basin they occupy. This suggests that the stock intruded an already 
developed or developing structure. Additionally, a tectonite fabric exists beyond the contact aureole  
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in the Red Lion and Silver Hill Formations nearby, as well as in the Mesozoic units to the south. This 
fabric is conspicuously absent from the rocks in the aureole, despite being located along the same 
structure (see Figs. 8 and 9). Instead, a cleavage fabric set oriented parallel to the margin of the stock 
prevails in the contact aureole alongside top-to-the-SW-rotated porphyroblasts (Mann, 2004; see Fig. 
10).  
 Along with the contact fabric, the stock itself exhibits a weak foliation. The combination of the 
above elements suggests that the Garnet stock passively intruded syn-tectonically during a primary 
phase of deformation, crystallized, and then experienced a second phase of deformation. A late 
occurrence of hydrothermal activity is also evidenced by the presence of altered andesite. Large angular 
xenoliths found in the stock may be evidence of magmatic stoping. Stoping has also been shown to have 
occurred in the Marysville stock at the Drumlummon mine, east of the Garnet stock (Melson, 1971). This 
interpretation is reinforced by the fact that the xenoliths are found hundreds of meters below their 
normal stratigraphic position. It is likely that during intrusion, magma surrounded large pieces of 
country rock along fractures. As the stock degassed and crystallized, it retracted, dragging the large 
xenoliths downward. This downward slump could also explain garnet boudins and a down-dip stretching 
lineation in the contact aureole (see Fig 12).  
Fabric data within the study area consist mostly of bedding measurements along the Cave Gulch 
syncline. They have been grouped into six geographically distinctive domains. These domains are based 
on distinct fold axis trends and/or plunges (see Figs. 6 and 10). I interpret the existence of significant and 
abrupt differences in fold axis trends to be the result of an accommodation zone of post-emplacement 
extensional faulting. It is possible that emplacement of the Garnet stock provided the area with a rigid 
bulwark, creating a large-scale pressure shadow in its lee-side. The fault arrangement and rotation of 
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fabric elements in the field area can be explained by a strength differential between the Garnet stock 
and the surrounding rocks as the region became subjected to right-lateral trans-tensile shear.  
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Figure 8 Equal-area stereonet projection of cleavage plane orientations in the field area outside of 
the contact aureole. 
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Figure 9 Cleavage development in the Park Fm., axial profile refers to the Deep Creek Anticline. Looking NW. Brunton for scale. 
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Figure 10 Photomicrograph of rotated cordierite porphyroblasts indicating top-to-the-SW shear. 
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Slickenside striations in the area tend to exhibit either top-to-the-northeast transpressive or 
top-to-the-southeast transtensile offset. This is explained by the reversal of the regional stress regime at 
the end of the Sevier mountain-building event, as the Lewis and Clark Line abandoned sinistral 
transpression in favor of dextral transtension (Wallace, 1990; Atwater, 1979). 
There are areas where it was impossible to collect a sufficient fabric dataset for use in 
stereographic analysis. An example of this would be from the western side of the study area (domain 5). 
To confirm whether or not a separate fault-bounded fabric domain exists, available data from the 
geologic map of Lonn et al. (2010) as well as the author’s own mapping efforts were utilized. The abrupt 
offset of units, as well as the apparent trend of fold axes and strike of bedding, leads me to interpret 
block-wide rotation to some degree, though it is difficult to accurately quantify.   
Regional cleavage orientations within the LCL clearly deviate from a N-S trend to a NW-SE trend. 
Geologic maps of the Missoula West and Missoula East 30’ X 60’ quadrangles display en echelon 
Mesozoic compressional structures cut by Cenozoic extensional structures (see Fig. 1). Priest (2000) 
established that left-lateral transpression along the LCL occurred after 76 Ma. Portner and Hendrix 
(2005) mapped the existence of folded Late Cretaceous alkalic sills east of Flint Creek, roughly 30 km 
from the Garnet stock. It is evident that the Lewis and Clark Line underwent left-lateral transpression 
during the Laramide orogeny, and equally evident that at some point after this, either in the late 
Cretaceous or early Cenozoic, right-lateral transtension took over (Lonn et al., 2010; Wallace, 1990). 
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Figure 11 A-A' section along trend of the 
Cave Gulch Syncline. The Park Formation 
(green unit) was used as a marker bed. 
Strike and dip markers above the profile 
indicate dip of the park shale into the plane 
of section. 
25 
 
25 
 
 
  
Figure 12 Calc-silicate ‘ribbon rock’ of the Silver Hill Fm. Garnet boudins ductiley in-filled with calc-silicate ribbons. 
Quartz and a second species of garnet fill brittle fractures within primary garnet layers. Sample collected near Elk Creek 
Rd. near the southern boundary of the Garnet stock. Black scale bar indicates 2 cm. 
Figure 13 Strained cordierite andalusite hornfels of the lower Red Lion Fm. Sample collected from Elk 
Creek Rd. near the southern boundary of the Garnet stock. Black scale bar indicates 2 cm. 
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III. Volume Strain Analysis 
The Paleozoic stratigraphic section within the contact aureole of the Garnet stock appears to be 
drastically thinner than correlative strata just a few kilometers beyond the aureole. Whether this is a 
result of open-system fluid migration during a passive intrusion, ductile thinning during forceful 
intrusion or a shear strain during synkinematic intrusion is an important matter to address. This 
preliminary work may give a clue as to how to interpret the fabric elements around the stock to 
establish the tectonic history of the LCL during the Late Cretaceous.  
Volume Strain Analysis Methodology 
The rocks in the strudied field area are well-suited to a bulk-strain method for determining 
volume change within the stratigraphic section (Erslev, 1988). Volume strain was estimated both 
stratigraphically and geochemically. Total stratigraphic attenuation was quantified by measuring the 
thickness of the same four units both within and beyond the aureole. These units make up the Hasmark 
Group and Red Lion Formation – the bulk of the Cambrian section. Within the Hasmark Group, the total 
thickness of the Meagher limestone, Park shale, and Pilgrim limestone were measured. The mapped and 
measured thicknesses of these units agree with Emmons and Calkins (1913) published stratigraphy, 
suggesting lateral continuity of thickness. Two detailed stratigraphic columns for the Red Lion Formation 
were produced, and another from the field notes of Sears is referenced (Sears, 1989). The top of the Red 
Lion was found to be an eroded surface, which resulted in the use of a 10 cm-thick, flat-pebble 
conglomerate layer within the unit as a thickness marker, rather than the entire formation. For the 
stratigraphic strain method, the thickness of the section within the aureole was divided by the thickness 
of the section beyond the aureole and multiplied by 100, then subtracted this number from 100% to get 
the total percent volume loss.  
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Figure 14 Columnar depictions of Red Lion stratigraphy from three locations within the field area. Note the condensation of 
stratigraphic thickness evidenced by flat pebble conglomerate layer. 
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The possibility of volume loss through mobile element transfer is herein addressed. Solution-
transfer processes have been shown to produce significant volume loss under Greenschist facies 
conditions (300-500 oC) (van der Pluijm and Marshak, 2004). Following the method of Ague (1991), this 
study presents a preliminary estimate of the amount of volume lost by movement of elements out of 
the system. This involved a geochemical volume strain analysis that used aluminum as an immobile 
reference element. Ague’s methodology was originally applied to regionally metamorphosed rocks. It 
met with criticism as it relied heavily on the disputed idea that regional metamorphism is not an 
isochemical event at macroscopic-scales (Penniston-Dorland, 2008). This procedure is significantly less 
controversial in cases of contact metamorphism because it has long been accepted that contact 
aureoles are subject to severe open-system alteration (Meinert et al., 2005).  Ague’s technique has since 
been adapted for use in contact metamorphic environments by Yoshinobu and Girty (1999, 2000). 
Because of the utility of aluminum as an insoluble reference element during volume strain analysis, this 
technique favors the use of aluminous samples for comparison, such as shales and their 
metamorphosed counterparts. 
Bulk rock compositions gathered from unmetamorphosed and metamorphosed pelitic rocks of 
identical stratigraphic position within the Red Lion and Park Formations were used to calculate total 
percentage mass change, percent mass change due to migration of a specific mobile species, and finally 
total volume strain.  The first parameter to be calculated was the total percentage mass change with 
respect to aluminum (Yoshinobu and Girty 1999; Ague, 1994; 1991): 
        
    
                                          (1) 
where     equals the total mass change and   
  &   
  are concentrations of the reference frame element 
both outside and inside a zone of alteration, respectively. It should be noted that this and the following 
derivative calculations rely on the assumption that the reference frame element (aluminum in this case) 
is truly immobile. If this is the case, then a negative value of    would indicate a net loss in mass. To 
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estimate the mass change (τ) of a specific mobile constituent (j) with respect to a fixed reference frame 
element (i), the mobile species concentration is factored in as follows (Brimhall et al., 1988): 
  
 
   
  
 
  
    
  
 
  
                                               (2) 
Volume strain (ε) can be determined by factoring in the rock’s change in density (ρ) from within 
and beyond an altered zone, as shown by Ague (1991) through the equation: 
    
  
  
   
  
 
  
                                                 (3) 
Bulk densities for each sample were calculated using measured weight and volume of each 
sample. Samples were weighed on a scale accurate to 0.001 grams and then transferred to a water-filled 
50 mL cylinder with 0.1 mL graduations. Density measurements by this method are accurate to 0.01 
g/cm3. 
Volume Strain Analysis Results 
Red Lion  
Samples RL-1119-U and RL-1120-U are both unmetamorphosed taken roughly 5 km from the 
contact with the Garnet stock. Sample RL-1124 was collected 1.6 km from the stock, and samples GS3a-
c, GR-016-10, and RL4a were collected in close proximity to the stock. 
Please refer to figures 15-19 for graphical presentation of the following results. Sample RL-1119-
U suffered a total percent lost to mass transfer (equation 1, pg. 25) of 3.32% up to 8.14% compared to 
samples taken with increasing proximity to the Garnet stock. Values for the same calculation applied to 
sample RL1120-U range from a gain of 0.19% to a loss of 4.80%, again compared with samples taken 
near the stock. RL-1124 experienced a decrease in mass from 1.81% to 4.99%. Percent mass change with 
respect to calcium as a mobile species (equation 2, pg. 26) ranges from 30.39% to 93.06% compared to 
samples of increasing metamorphic grade for sample RL-1119-U, 41.08% to 94.13% for sample RL1120-
U, and 47.09%- 90.03% for sample RL-1124.  Applying the same equation and method to volatile species 
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yielded a mass loss of 51.06% to 66.10% for sample RL-1119-U, 43.10% to 60.58% for sample RL-1120-U, 
and 5.46% to 30.73% for sample RL-1124.  Percent volume strain (equation 3, pg. 19) varies from -5.25% 
to -11.78% for sample RL-1119-U, -2.54 % to -9.25% for sample RL-1120-U, and -4.25% to -6.89% for 
sample RL-1124.  
Park Shale 
Samples P-1122-U and P-1123-U were taken about 5 km from the stock. Samples GR-008-10 and 
Pa-7a-4a were collected near the contact with the stock. 
For sample P-1122-U, total percent mass transfer ranges from -9.00% to -17.86% compared to 
samples taken closer to the Garnet stock. Values for the same calculation applied to sample P-1123-U 
range from -4.31% to -13.63%. Percent mass change with respect to calcium as a mobile species ranges 
from 85.24% to 98.35% compared to samples of increasing metamorphic grade for sample P-1122, and 
76.41% to 97.37% for sample P-1123-U.  Mass change with respect to volatile species yielded a loss of 
51.09% to 55.74% for sample P-1122-U, and -16.25% to 24.21% for sample P-1123-U. Percent volume 
strain ranges from -12.03% to -22.70% for sample P-1122-U and -7.97% to -19.14% for sample P-1123-U.  
Bulk-Strain 
 Measurements of stratigraphic thinning show a decrease in section thickness across all units. 
Outside of the aureole, the Red Lion Formation was measured from its base to a consistent marker bed 
roughly 34 meters. Within the aureole this distance decreased to 24 meters. The Red Lion Formation 
and Park shale member of the Hasmark Group have, by strictly measuring stratigraphic thickness, 
experienced a 30% loss in section thickness, while the Meagher and Pilgrim limestones have thinned by 
60%.  
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Figure 15 Total mass loss based 
on aluminum enrichment for 
samples RL-1119, RL-1120, and 
RL-1124. 
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Figure 15 Mass loss with respect to calcium 
as a mobile species for samples RL-1119, RL-
1120, and RL-1124. 
Figure 16 Mass loss with respect to cal ium as a 
mobile speci s for sample  RL-1119, RL-1120, and 
RL-1124. 
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Figure 16 Mass loss with respect to volatile 
components as mobile species for samples 
RL-1119, RL-1120, and RL-1124. 
Figure 17 Mass loss with respect to volatile 
components as mobile species for samples 
RL-1119, RL-1120, and RL-1124. 
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Figure 17 Mass loss values for the Park Shale. 
Top graph shows total mass loss based on 
aluminum enrichment. Bottom two graphs 
show mass loss with respect to calcium and 
volatile components as mobile species, 
respectively. 
Figure 18 Mass loss values for the Park Shale. 
Top graph shows to al mass loss based on 
aluminum enrichment. Bottom two graphs 
show mass loss with respect to calcium and 
volatile components as mobile species, 
respectively. 
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Figure 18 Volume strain results for the Park Shale and Red Lion Formation. Figure 19 Volume strain results for the Park Shale nd Red Lion Formation. 
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Volume Strain Analysis Discussion 
  Preliminary geochemical and stratigraphic analyses of volume strain show the possibility that: 
1) total percentage of mass transfer increased with metamorphic grade; 2) the studied rocks lost a 
significant amount of volatiles; and 3) geochemical changes were consistent with respect to the distance 
of the sample from the stock. 
 Because of the small sample set, results of these analyses are unlikely to be statistically 
sufficient. A larger sample set must be considered to base any firm conclusions with regard to the 
enrichment of aluminum or depletion of major elements within the contact aureole. However, the data 
do reflect some promising patterns and show that there is warrant for an in-depth volume strain 
analysis of the aureole. It may be possible to produce statistically significant results. In a similar study, 
Yoshinobu and Gerty (2000) estimated the percent SiO2–attributable volume loss at the 95% confidence 
interval.  The data also suggest alternative mass-transfer processes. For example, there is something to 
be said for the devolatilization and decarbonation of the rocks within the field area. LOI data seem to 
support this, as do observations of abundant mega-calcite veins – a possible calcite sink from the rocks 
the stock invaded –south of the stock near Interstate 90. Regarding this study’s specific element mass 
loss, the significant amount of calcium loss is attributed to decarbonation. The remaining calcium is 
probably bound in insoluble apatite. In this case, it is likely that acidic hydrothermal fluids coming from 
the stock reacted with the dominant carbonate host strata, resulting in significant decarbonation of the 
wall-rock adjacent to the stock. Further heating of the contact aureole at temperatures possibly 
exceeding 650oC (see thermodynamic modeling section) facilitated the metamorphic reactions that 
devolitalized the surrounding country rock, as evidenced by a 50% decrease in volatile composition, as 
well as samples observed with strong potassic alteration, where the only hydrous minerals remaining in 
the rock are biotite, muscovite, pinite, and sericite.  
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Volume strain calculations (Figure 19) do not match expectations. Volume strain values for the 
Red Lion are on the order of -10%, whereas bulk stratigraphic attenuation is -30%. Roughly 20% of 
volume loss in the Park Fm. can be attributed to mass transfer, close to the 30% over-all decrease in 
stratigraphic thickness. Other processes must also be responsible for the attenuation of aureole units.  
Measured stratigraphy show a startling decrease in section thickness near the margin of the 
Garnet stock. A 60% decrease of massive carbonates and 30% of the pelitic units suggests that a 
connection may exist between lithology and severity of attenuation. Pressure solution, in addition to 
emplacement-related mass transfer may explain why the carbonate units are preferentially thinned 
(Wanless, 1979). One question that arises as a result of this interpretation pertains to where the 
dissolved calcite was transferred to. A plausible, but speculative answer may be in the form of massive 
calcite veins, on the order of 10m-wide, that lie 16km south of the garnet stock. Reactive wall-rock 
assimilation is another possible solution. However, because it is a process that occurs when the host 
rock dissolves into the igneous body that intrudes it, assimilation into the melt would only explain a loss 
of rock volume that was directly in contact with the stock (Dyer et al., 2011). 
Sample P-1125 stands out geochemically from the other four Park Shale samples. It contains 
much higher amounts of Ca and volatiles, as well as much lower amounts of Si and Al, all major 
compositional constituents (see Figs. 20 and 21).  It is interpreted that sample P-1125 was probably 
collected in error from a neighboring lithology, such as a shale member of the Silver Hill Formation, and 
have disregarded its effects on the analysis.  
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Figure 19 Bar graph of volume strain values for the Park Shale. Each cluster of bars represents the trend of volume strain for 
a given sample. Note the deviance of sample P-1125. 
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Figure 20 Major element compositions of samples P-1122, P-1123, Pa7a-4a, GR-008, and P-1125. Figure 21 Major elem nt compositions of samples P-1122, P-1123, Pa7a-4 , GR-008, and P-1125. 
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IV. Thermodynamic Modeling 
Mann (2004) collected and petrographically analyzed a suite of samples from the aureole of the 
Garnet stock. Methods of her work include petrographic microscopy and X-ray diffraction spectrometry 
of sample material to identify fine-grained phases. She compared assemblages observed in thin section 
to petrogenetic grids of Hess (1969) and Yardley (1989) to obtain an estimate of pressure and 
temperature conditions during metamorphism.  This work is a direct extension of Mann’s 2004 analysis 
by using phase equilibria modeling to further constrain P-T conditions for the contact aureole of the 
Garnet stock. Generating a model that accurately reflects conditions of contact metamorphism is useful 
in distinguishing between forceful or passive , and synkinematic or quiescent, intrusion. 
Thermodynamic Modeling Methodology 
To estimate P-T conditions in the contact aureole during pluton emplacement, whole-rock 
compositions of samples from the stock’s contact aureole were used to create isochemical phase 
diagrams, also called pseudosections, with the Theriak-Domino modeling software suite (de Capitani and 
Petrakakis, 2010).  By iteratively calculating the minimal Gibbs free energy of a particular chemical 
system over a specific range of thermodynamic conditions through the equation: 
   
       
        
 
  
               
  
 
   
 
  
     
 
  
                     (4) 
where T is temperature (K), P is pressure (bar), T0 & P0 represent temperature and pressure at STP (25 K 
and 1 bar) and V is volume (kg/m3);     
   represents apparent Gibbs free energy,    
     represents 
the enthalpy of formation from the elements at STP,    equals the heat capacity at P0 (1 bar), and  
     
is the molar entropy at STP, the software generates a graphical depiction of all of the reactions that 
different P and T conditions will generate in a rock with a particular chemical composition. This relates 
the stability of an assemblage with minimal energy content. For more information on the specifics of the 
Theriak-Domino suite, please see de Capitani and Petrakakis (2010). Inputs consist of bulk rock 
composition in cation mole percent, an assemblage-supported estimate of the pressure and 
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temperature during formation of the sample, and an internally consistent thermodynamic database that 
contains appropriate experimentally derived modeling parameters. The WSU geoanalytical lab’s X-ray 
fluorescence (XRF) spectrometer was used to obtain bulk-composition of 10 rock samples (see 
appendices II and III for XRF results and precision). Petrographic observations of mineral assemblages 
were compared to calculated pseudosections in order to get a robust estimate of P-T conditions during 
contact metamorphism. To maintain a close reproduction of the conditions for Mann’s (2004) 
conclusions, samples collected by her during the summer of 2003 from the aureole of the Garnet stock 
were used for thermodynamic modeling.   
Model Parameters 
Domino version 01.08.09 and an augmented version of Holland and Powell’s (1998) 
thermodynamic dataset were used. Holland and Powell’s (1998) dataset is available as the file ‘hp55a’ 
within the Theriak-Domino ‘working’ folder in Appendix IV. Contained in this dataset are solution 
models for phases of interest. Solution models are a critical component of modeling parameters 
because they account for the activity of ideal and non-ideal mineral solutions, which can severely affect 
pressure and temperature estimates. Below are references to solution models used for each stable 
phase relevant to samples RL-4a and GS3a-c: water, Holland and Powell, 1998; feldspar, Baldwin, J.A. et 
al., 2005; white mica, Coggon and Holland, 2002; biotite, White et al., 2007; cordierite, Holland and 
Powell, 1998; ilmenite, White et al., 2005. Aluminosilicates and quartz are considered pure phases and 
thus have an activity of 1, requiring no solution model. 
Thermodynamic Modeling Results 
 The rocks of the contact aureole contain assemblages stable at hornfels to amphibolite grades 
(Perkins, 2002). Mineral textures and grain boundary relationships, as well as the regional geologic 
history of the Garnet stock, suggest that the assemblages observed in the samples analyzed in this study 
are the product of only one metamorphic event. 
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Petrography 
Sample RL-4a is a hornfels comprised of large andalusite and cordierite porphyroblasts (≥1cm) in 
a fine-grained alkali feldspar + quartz + biotite + ilmenite matrix. C-axis interference figures from both 
sample RL-4a and GS3a-c support the interpretation of a ground mass dominated by alkali feldspar (Fig. 
22). Cordierite porphyroblasts are rimmed by coarse biotite with ilmenite inclusions. Sericite and pinite 
have almost entirely replaced the porphyroblasts. Andalusite crystals appear partially replaced with 
quartz and retrograde muscovite. Sillimanite has been observed both isolated and in clusters of needles 
near andalusite and cordierite porphyroblasts (See figure 23). Cordierite and andalusite porphyroblasts 
are rotated, accompanied by sigmoidal pressure shadows of coarse ground mass (see Fig. 10). 
Micaceous foliation appears to conform weakly to these rotated porphyroblasts.  
Sample GS3a-c is also a cordierite-andalusite-hornfels, but with smaller porphyroblasts (<5mm) 
than those found in RL-4a. Andalusite and cordierite porphyroblasts are observed within a ground mass 
of alkali feldspar + quartz + biotite + muscovite + ilmenite. Similar to sample RL-4a, sericitic alteration of 
cordierite crystals, as well as quartz replacement of andalusite, is common (see Figs. 24-26). 
Model Results  
Theriak-Domino modeling of sample RL-4a predicted a stable mineral assemblage of alkali 
feldspar + ilmenite + biotite+ cordierite + aluminosilicate + quartz, similar to that described from thin-
section petrography. As mentioned before, both sillimanite and andalusite crystals are both stable 
phases in sample RL-4a.  According to the thermodynamic model, andalusite is stable with sillimanite 
along a reaction line that takes place from 2.85 kbar and 6550C down to 2.75 kbar and 6600C, depending 
upon the presence of rutile in the sample (see Fig. 27). 
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Figure 21 Photomicrograph of sample RL-4a. Large andalusite grain in the center surrounded by a quartz halo. 
Sillimanite needles can be seen surrounding the porphyroblast, especially in the top left corner of the photo. 
Top:PPL Bottom: XPL. (From Mann, 2004) 
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Figure 23 Photomicrograph of sillimanite needles in a ground mass of quartz, feldspar, and biotite. Top: PPL 
Bottom: XPL. From Mann (2004). 
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Figure 23 Photomicrograph of sample GS3a-c. 0.5-1 mm muscovite and biotite grains occupy the center of the frame XPL. 4
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Figure 24 Photomicrograph of sample GS3a-c. Partialliy sericitized muscovite in ground mass. XPL. Figure 25 Photomicrograph of sample GS3a-c. Partialliy sericitized muscovite in ground mass. XPL. 
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Figure 25 Photomicrograph of sample GS3a-c, showing typical muscovite textural 
relationships. 
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Modeling results show a narrow stability field for the assemblage observed in sample GS3a-c. 
White mica + cordierite + ilmenite + alkali feldspar + andalusite is predicted from 1 kbar and 575°C to 1.4  
kbar and 590°C. If it is the case that muscovite is not in equilibrium,  then the P-T space over which 
GS3a-c is stable could be from 1 kbar up to 2.8 kbar and 560°C up to 660°C (See figures 28-29). 
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Figure 27 Pseudosection for sample RL-4a. Stable assemblage marked by reaction line between andalusite and sillimanite within red circle 
at top right. See text for discussion. 
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Enlarged in 
Fig. 28 
 
Figure 27 Pseudosection for sample GS3a-c from 0.5 kbar to 3.5 kbar and 400
o
C to 675
o
C. Peak assemblage for sample 
GS3a-c is stable within the green box, assuming muscovite is in equilibrium. See Figure 28 for detailed view. 
Figure 28 Pseudosection for sample GS3a-c from 0.5 kbar to 3.5 kbar and 400
o
C to 675
o
C. Assuming muscovite is in equilibrium, 
peak assemblage for sample GS3a-c is stable as a small field within the green box. See Figure 28 for detailed view. 
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Thermodynamic Modeling Discussion 
Thermodynamic modeling of the metamorphosed Red Lion Formation yielded results that are 
relatively consistent with Mann’s (2004) estimate. Neither of the models predict significantly higher 
pressures or temperatures than the maximum conditions discussed by Mann: 2 kbars at 6100C.  
In sample GS3a-c, muscovite at first appears to be in equilibrium with the stable assemblage of 
ilmenite + biotite + cordierite + andalusite. This particular assemblage is highly sensitive to changes in 
temperature and pressure, with muscovite stable over a very narrow sliver of P-T space (Fig. 29). 
Assuming that muscovite is indeed in equilibrium, the model indicates that GS3a-c may have crystallized 
at lower pressure, and slightly lower temperature, than sample RL-4a. The fact that the two samples 
were collected 2.5 km apart could imply that crystallization of the aureole near GS3a-c occurred at a 
different time than RL-4a, during a tectonically quiescent period, or that sample GS3a-c crystallized in a 
pressure shadow while RL-4a crystallized under peak pressure and temperature.  
Conversely, it is most likely the case that muscovite is a retrograde phase. If this is so, it would 
result in a much wider P-T stability field for sample GS3a-c, one that overlaps that of RL-4a. Muscovite in 
the sample does exhibit some cross-cutting of the ground mass fabric, but dominant foliation is weak, 
making this interpretation slightly speculative. 
A third interpretation is that because sample GS3a-c was collected near a skarn deposit, sample 
GS3a-c may have experienced hydrothermal alteration after peak metamorphism. This would also 
explain why the sample is enriched in Fe and Si compared to other Red Lion counterparts (see Appendix 
I). If hydrothermal alteration caused a change in the bulk composition of sample GS3a-c after it had 
crystallized, then any attempt to create a thermodynamic model based on its current composition 
would be inaccurate. The same conclusion is valid for any rock that has undergone a change in bulk 
composition after a peak metamorphic event. The problem with this theory is that the minerals in 
samples GS3a-c and RL-4a do not show evidence of severe alteration, as the extent of alteration is  
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Figure 28 Pseudosection for sample GS3a-c from 0.5 kbar to 1.5 kbar and 550
o
C to 600
o
C. Assuming stable muscovite, 
peak assemblage for sample GS3a-c is stable within the green sliver at upper-right corner of the figure. 
Figure 29 Pseudosection for sample GS3a-c from 0.5 kbar to 1.5 kbar nd 550
o
C to 600
o
C. Assuming stable muscovite, peak 
assembl ge for s mple GS3a-c is stable within the green sliver at upper-right corner of the figure. 
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shown by sericite and pinite replacement of Cordierite porphyroblasts and some matrix (see Fig. 25). 
Therefore, it is most likely that sample GS3a-c experienced similar pressures and temperatures as 
sample RL-4a, but developed an observable amount of retrograde muscovite.   
 The pressure caused by depth of burial is insufficient to explain the resultant pressures from the 
modeling of sample RL-4a. The Garnet stock is estimated to have intruded the LCL at a minimum depth 
of 6.4 km (Mann 2004). This value is constrained by an unconformity near Garrison, MT correlative to 
the Garnet stock. This feature provides a Late Cretaceous land surface used in coordination with the 
overall southeast plunge of the Lewis and Clark Line structure and stratigraphy to arrive at an estimate 
of the depth of emplacement for the Garnet stock. Following the lithostatic gradient for continental 
lithosphere gives a pressure of roughly 2 kbar at that depth. Given an emplacement depth of only 6.4 
km, the pressure at which sample RL-4a crystallized is higher than expected. However, a 6.4 km burial 
depth is a minimal estimate, based on a continuous stratigraphic package. Because the stock intruded 
after one phase of deformation, it is entirely plausible that the overburden it invaded was already 
thickened. Conversely, the additional 1 kbar may have been due to additional compressive stress during 
peak metamorphism. Pressures associated with differential stresses such as plate collisions are generally 
on the order of a few hundred megapascals (1.5-3 kbar) (van der Pluijm and Marshak, 2004). Kinematic 
indicators within the contact aureole provide evidence of top-to-the-SW directed shear adjacent to the 
stock, occurring during contact metamorphism.  Therefore, intrusion seems to have occurred 
synkinematically.  
Contact metamorphism near the Garnet stock probably played a role in later fabric-developing 
events. Shale and other fine-grained siliciclastic and micritic units beyond the aureole display a 
transected axial-planar cleavage (see figure 9). Within the aureole, clay minerals have been replaced by 
quartz and feldspar as the primary ground mass constituents, inuring the contact aureole against low-
grade fabric development. It is generally accepted that slaty cleavage develops at lower greenschist 
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facies (van der Pluijm and Marshak, 2004). It is not likely that the quartzite-hornfels of the contact 
aureole would be vulnerable to reorientation and recrystallization of grains at those conditions, and 
examination of thin-sections and hand samples resulted in no evidence of a regional fabric imprint in the 
aureole rocks. 
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V. Conclusions 
The Lewis and Clark line experienced sinistral transpressive shear during the Late Cretaceous-
late Paleocene Laramide orogeny, along the boundary between the massive Lewis-Eldorado-Hoadley 
thrust slab to the NE and the Sapphire and Lombard thrust slabs to the SW. At 83 Ma, the Garnet stock 
intruded this shear zone, interfering with the development of a fold set. The presence of stoped 
xenoliths and a compressive tectonite fabric indicate the stock intruded passively, yet sinkinematically. 
Peak metamorphic conditions reached upper pyroxene hornfels facies as the country rock was heated to 
650oC at 2.5 – 3 kbar. During synkinematic intrusion, hydrothermal fluids were driven away from the 
stock into the surrounding environs. Acidic fluids dissolved the massive, fractured carbonate units they 
encountered. Contact metamorphism further condensed the remaining insoluble pelitic units, resulting 
in an overall reduction of stratigraphy to 50% of its original volume. Kinematic indicators such as rolled 
porphyroblasts and tectonite fabric such as boudinaged compositional layering and stretching lineations 
support the interpretation that tectonic and emplacement/stoping-related shear also contributed to the 
attenuation of these units. 
Magmatic stoping occurred when the Garnet stock began to cool and de-gas, forcing it to sink 
downward, stretching the syncline it intruded like a heavy ball on a taut rubber mat. It is possible that 
this downward stoping contributed to the attenuation of aureole stratigraphy. A second episode of 
transpression took place after ~76 Ma, when the contact aureole had fully crystallized (Sears, 2010; 
Portner and Hendrix, 2005; Sears and Hendrix, 2004; Priest, 2000). Cleavage fabric developed in the 
rocks surrounding the aureole, but not in it.  
Post-Laramide extension was manifested in a dextral transtenile sense along the LCL. In the 
study area, transtension was accommodated by small-block oblique normal faulting. The extensional 
structures in the area formed a releasing-bend accommodation zone along right-lateral strike-slip faults 
within the LCL.  
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Evidence supports the conclusion that the Lewis and Clark Line experienced two distinct, datable 
phases of left-lateral transpression and followed by right-lateral transtension. The first occurrence of 
transpressive deformation must have ceased prior to 83 Ma, while the second had to have begun no 
earlier than 76 Ma.  These transpressive events were succeeded by a transtensile regime, an event 
facilitated by the reorganization of the western North American stress field (McQuarrie and Wernicke, 
2005; Atwater, 1970). 
Further Research 
Volume strain analysis would benefit from a more statistically robust sample set. It would be a 
good idea to embark on a large sampling project of the Park Shale and Red Lion formations, in an effort 
to get a baseline geochemical profile of unmetamorphosed and metamorphosed counterparts of these 
units. A next step would be to compare volume strain results between unaltered samples and those 
showing evidence of strong sericitic to potassic alteration. Uncertainty remains as to precisely why such 
a large disparity in pressure stability exists between the two thermodynamically modeled samples. A 
baseline geochemical profile of the Red Lion Formation would also be useful for assessment of the bulk 
compositions used in the two thermodynamic models.  Finally, a study of the anisotropy of magnetic 
susceptibility (AMS) within the Garnet stock would fully flesh out interpretations regarding its manner of 
intrusion.  
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Appendix I 
Stratigraphy 
 
Cambrian Silver Hill and Flathead Formations (Єsh, Єf) 
 The Silver Hill Formation is composed of a trough-cross bedded, sandy siltstone layer at 
its base, which fines upward to shale and carbonate members. It is roughly 100 m thick. In its non-
metamorphosed state, this unit rarely crops out, but within the contact aureole of the Garnet stock, the 
Silver Hill formation forms strong outcrops of quartzite displaying relict sedimentary structures and 
marble with wavy laminae of fractured black chert. It is not uncommon to find the Silver Hill overlying 
the Flathead Formation, a medium-grained pure quartz arenite (often metamorphosed to quartzite) 
with characteristic oxidation spots. Within the field area, the Flathead is of indeterminate thickness. 
However, Emmons and Caulkins (1913) report it as having a thickness of 45m to the southeast of 
Bearmouth. 
Cambrian Hasmark Group (Єh; Єm, Єpa, Єpi) 
Commonly regarded as an indistinguishable package of carbonate rock, within the field area the 
Hasmark group can be mapped as three distinct formations. The first is the Meagher (Єm), 183 m-thick 
blue-gray limestone exhibiting a pervasive cryptalgal lamination. When this unit is metamorphosed, the 
laminae are often found condensed in stylolitic fashion. Following the Meagher is the Park Formation 
(Єpa). This brown-green, calcareous shale is 30 m thick, is distinctive from most units in the field area, 
and therefore provides a useful marker bed for geologic mapping. The Hasmark Group is capped by 107 
meters of the Pilgrim Formation (Єpi), a white, sandy dolostone. This unit is characterized by the 
tendency for its outcrops to weather to dolomite sand, as well as the presence of rounded quartz sand 
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grains ‘floating’ in the dolomitic ground mass. Within the aureole of the Garnet stock, this formation is a 
bleached-white marble.   
Cambrian Red Lion Formation (Єrl) 
Named after a mine at the head of the North Fork of Flint Creek, the Red Lion formation is an 
Upper-Cambrian transgressive sequence of oxidized red silt stone inter-layered increasing proportions 
by a buff, micritic, laminated limestone (see Fig. 29). It is the youngest Cambrian unit present in the field 
area. Just above its conformable basal contact with the Cambrian Pilgrim Formation, the Red Lion is 
deep red, fissile, calcareous shale containing abundant trace fossils. Higher in section, the red shale  
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Figure 30 Columnar section of Cambrian rocks as observed by Emmons and Calkins (1913) in the Philipsburg Quadrangle. 
Modified from Emmons and Calkins, 1913. 
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coarsens to silt-stone and becomes interbedded with limestone. Bioturbation within this layer is 
abundant, giving the rock a ribbon-like appearance. Above the ribbon-rock exists a second package of 
fissile, red, non-calcareous silt-stone. This basal package has been named the Dry Creek Shale Member 
(Emmons and Calkins, 1913; Kaufman, 1963) and is followed by a final thick ribbon-rock unit known as 
the Sage Member (Lochman, 1950). The Sage Member comprises the bulk of the Red Lion Formation. 
The red ‘ribbons’ in the unit gradually thin up-section and are interrupted half way through the member 
by a flattened, imbricate pebble conglomerate. The pebbles in this ~10 cm thick layer are prolate and 
intraclastic, with a unimodal imbrication. Cambrian flat-pebble conglomerates are a common 
occurrence throughout western Montana and Wyoming, and are found as far south as the Grand 
Canyon and as far east as the Black Hills (Myrow et al., 2004; Wilson, 1985). This conglomerate layer 
occurs consistently at ~32 m above the base of the Red Lion, serving as an important reference of 
stratigraphic thickness when comparing volume discrepancies in unmetamorphosed and 
metamorphosed units.  
The formation has a maximum measured thickness of 150m (Reynolds, 1991). However, 
unstrained exposures within the study area have been measured as thin as 61 m, which may suggest 
that the contact between the Red Lion and the Maywood represents a significant unconformity.   
Contact with the intruding Garnet stock metamorphosed the Red Lion formation to black, 
andalusite-cordierite hornfels inter-layered with banded green and beige calc-silicate. Mann (2004, p. 
35) described the Dry Creek shale member within the contact aureole as consisting of four thin basal 
layers of fine-grained  calc-silicate (skarn) and fine-grained dark gray to black hornfels, followed by a 
thicker light gray to white calc-silicate layer that grades into a fine-grained hornfels, coarsening upward 
into a black spotted hornfels.  The Sage member is recrystalized to a green and beige calc-silicate ribbon 
rock.  
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Devonian Maywood Formation (Dm) 
The Devonian Maywood formation unconformably overlies the Red Lion. Typical exposures of 
this lithologically varied unit include clean, well-sorted and rounded fine-grained quartz arenite, tan 
calcareous silt-stone, or black to dark grey, but beige-weathering limestone. The only non-road cut 
exposures of this unit are anomalously thick cliffs of quartzite. This field evidence suggests that the 
Maywood, in some places, may fill large fluvial scours into the underlying Red Lion Formation.  
Devonian Jefferson Formation (Dj) 
Atop the Maywood Formation lie 300m of Devonian Jefferson dolostone. Mulkey Gulch is 
perhaps the best location near the field area to observe this unit, especially while ascending one of the 
many intermediate to advanced bolted climbing routes in the area. Just south of Deep Creek this unit is 
tightly folded, forming spectacular outcrops. When observed in its metamorphosed state the Jefferson 
may be a bleached-white or a gray-black marble, an often frustrating duality of characteristics for the 
field mapper. 
 The base of the Jefferson forms a gradational contact with the Maywood into a buff, mottled 
dolostone. Above the basal unit, making up about 1/4th of the entire formation is a dark, blue-grey 
mottled dolostone, displaying an average bedding thickness of 0.5 m. Directly above this, a coral and 
stromatoporoid-rich layer, roughly 1.5-2 m thick, punctuates the middle of the Jefferson. It appears to 
be a boundary marker between the lower, mottled, blue-grey dolostone and the near jet-black 
dolostone that forms the upper portion of the formation. When freshly chipped or broken, this dark 
black unit exudes a weak bituminous odor.  
Peripheral Units 
Above the Jefferson Formation are the Mission Canyon (Mmm) and Lodge Pole (Mml) members 
of the Madison, followed by the upper Paleozoic Amsden (PMa), Quadrant (Pq), and Phosphoria (Pp) 
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Formations, and the highly differentiable formations of the Mesozoic. Tertiary (Eocene) volcanics and 
sediments cover portions of the field area (Lonn et al., 2010).  
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Appendix II 
Bulk Rock Composition of Major Elements in Weight Percent 
 
GR 008-10  GR 016-10  RL1119-U  RL1120-U   P1122-U  RL1124-M   P1123-U   P1125-M  PA-7A-4A   GS3A-C RL-4A  GR 016-10GR 016-10 R
 Date    13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11
Lith. Park Shale
Red Lion 
Hfls Red Lion Red Lion Park Red Lion Park Park Park RL Hornfels RL Calc-Sil Red Lion Red Lion
Cond. M M U U U S U M M M M
Unnormalized Major Elements (Weight %): Unnormalized Major Elements (Weight %):
 SiO2  53.40 56.95 56.69 56.14 55.32 56.61 56.65 44.25 57.79 57.30 57.90 56.95 57.08 
 TiO2  0.791 0.665 0.724 0.775 0.659 0.803 0.594 0.613 0.705 0.696 0.691 0.665 0.666
 Al2O3 21.55 19.94 18.80 19.48 17.69 19.45 18.60 15.23 19.44 19.81 20.47 19.94 20.04 
 FeO* 8.02 5.97 5.87 5.41 4.75 5.24 4.19 4.13 5.12 5.15 3.84 5.97 6.06 
 MnO   0.036 0.009 0.005 0.005 0.047 0.015 0.008 0.042 0.030 0.007 0.006 0.009 0.008
 MgO   2.76 1.80 1.70 1.92 2.19 2.39 3.60 3.75 2.97 1.80 1.86 1.80 1.81 
 CaO   0.07 0.12 0.35 0.43 3.47 0.25 2.28 12.41 0.56 0.14 0.03 0.12 0.11 
 Na2O  0.16 0.31 0.09 0.14 0.06 0.24 0.14 0.32 0.27 0.42 0.35 0.31 0.32 
 K2O   7.92 11.49 11.06 11.23 8.48 12.08 9.57 8.20 9.22 12.24 11.97 11.49 11.57 
 P2O5  0.102 0.069 0.097 0.066 0.123 0.133 0.080 0.061 0.071 0.122 0.050 0.069 0.068
 Sum 94.81 97.32 95.37 95.60 92.80 97.20 95.70 89.00 96.18 97.67 97.16 97.32 97.73 
LOI 3.55 1.58 3.22 2.87 5.96 1.63 3.66 9.71 2.90 1.15 1.47 1.58 1.58 
Normalized Major Elements (Weight %): Normalized Major Elements (Weight %):
 SiO2  56.33 58.51 59.44 58.73 59.61 58.24 59.19 49.72 60.08 58.67 59.59 58.51 58.40 
 TiO2  0.834 0.684 0.759 0.811 0.710 0.826 0.620 0.688 0.733 0.713 0.711 0.684 0.682
 Al2O3 22.73 20.49 19.71 20.37 19.07 20.01 19.44 17.11 20.21 20.28 21.07 20.49 20.50 
 FeO* 8.46 6.14 6.15 5.66 5.12 5.39 4.38 4.64 5.32 5.27 3.96 6.14 6.20 
 MnO   0.038 0.009 0.006 0.005 0.051 0.015 0.009 0.048 0.031 0.007 0.006 0.009 0.009
 MgO   2.91 1.84 1.78 2.00 2.36 2.46 3.76 4.22 3.09 1.84 1.91 1.84 1.85 
 CaO   0.07 0.12 0.37 0.45 3.74 0.25 2.38 13.94 0.58 0.14 0.03 0.12 0.11 
 Na2O  0.17 0.32 0.09 0.15 0.07 0.24 0.14 0.36 0.28 0.43 0.36 0.32 0.32 
 K2O   8.35 11.81 11.59 11.75 9.14 12.42 10.00 9.22 9.59 12.54 12.32 11.81 11.84 
 P2O5  0.108 0.070 0.102 0.069 0.133 0.137 0.083 0.069 0.074 0.125 0.052 0.070 0.070
 Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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Bulk Rock Composition of Trace Elements in ppm. 
  
GR 008-10 GR 016-10  RL1119-U  RL1120-U   P1122-U  RL1124-M   P1123-U   P1125-M  PA-7A-4A   GS3A-C RL-4A  GR 016-10GR 016-10 R
 Date    13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11
Lith. Park Shale
Red Lion 
Hfls Red Lion Red Lion Park Red Lion Park Park Park RL Hornfels RL Calc-Sil Red Lion Red Lion
Cond. M M U U U S U M M M M
 Ni 66  38  31  33  37  43  29  36  34  37  31  38  39  
 Cr 141  94  87  94  85  90  91  82  96  95  95  94  92  
 Sc 19  15  16  15  15  15  14  14  16  15  17  15  15  
 V 94  78  72  79  87  80  97  78  91  83  88  78  79  
 Ba 397  701  380  423  482  694  510  1144  452  502  363  701  700  
 Rb 227  208  197  207  184  211  187  167  204  208  209  208  210  
 Sr 40  72  44  57  57  118  94  250  77  74  53  72  72  
 Zr 84  100  154  133  124  205  88  100  110  113  102  100  102  
 Y 22  16  20  17  20  19  7  19  20  18  17  16  17  
 Nb 13.9 15.3 20.4 18.3 14.0 23.4 13.3 12.1 15.6 16.2 15.9 15.3 16.1
 Ga 27  25  25  27  23  32  25  19  26  26  27  25  25  
 Cu 14  4  1  5  19  3  29  21  44  2  1  4  5  
 Zn 59  33  29  42  42  14  36  36  42  17  18  33  33  
 Pb 7  7  6  7  9  6  6  8  13  6  7  7  8  
 La 38  52  61  62  56  67  29  45  52  57  53  52  53  
 Ce 72  93  94  108  109  127  44  84  101  96  92  93  95  
 Th 14  15  16  17  18  19  12  14  18  17  16  15  16  
 Nd 32  40  37  39  42  36  18  36  41  39  41  40  40  
 U 1  2  2  1  2  2  4  2  2  1  3  2  1  
Cs 20  17  22  16  13  7  5  9  14  15  15  17  17  
sum tr. 1385  1625  1313  1400  1438  1809  1337  2173  1469  1434  1264  1625  1633  
in % 0.14 0.16 0.13 0.14 0.14 0.18 0.13 0.22 0.15 0.14 0.13 0.16 0.16 
sum m+tr 94.95 97.49 95.50 95.74 92.94 97.38 95.83 89.22 96.32 97.82 97.29 97.49 97.89 
M+Toxides 94.98 97.52 95.53 95.77 92.97 97.42 95.86 89.26 96.35 97.85 97.32 97.52 97.92 
w/ LOI 98.53 99.10 98.75 98.64 98.93 99.04 99.52 98.97 99.25 98.99 98.78 99.10 99.50 
if Fe3+ 99.42 99.76 99.40 99.24 99.46 99.63 99.99 99.43 99.82 99.57 99.21 99.76 100.18 
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Bulk Rock Composition of Trace Element Oxides in ppm 
GR 008-10 GR 016-10  RL1119-U  RL1120-U   P1122-U  RL1124-M   P1123-U   P1125-M  PA-7A-4A   GS3A-C RL-4A  GR 016-10GR 016-10 R
 Date    13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11 13-Dec-11
Lith. Park Shale
Red Lion 
Hfls Red Lion Red Lion Park Red Lion Park Park Park RL Hornfels RL Calc-Sil Red Lion Red Lion
Cond. M M U U U S U M M M M
 NiO 84.1 48.1 40.0 42.0 46.8 55.1 36.5 45.3 43.3 46.7 40.0 48.1 49.5
 Cr2O3 205.9 137.1 127.2 137.5 124.2 131.5 133.0 119.8 140.9 138.1 139.1 137.1 134.3
 Sc2O3 29.8 23.0 24.5 22.2 23.5 22.4 21.5 21.2 25.2 22.5 25.6 23.0 23.3
 V2O3 138.0 115.0 106.5 116.7 128.0 117.7 142.6 114.3 133.3 121.5 129.5 115.0 115.5
 BaO 443.0 782.8 424.2 472.6 538.0 775.2 569.7 1276.8 504.8 560.7 405.6 782.8 781.8
 Rb2O 248.0 227.5 215.3 225.9 201.4 230.7 204.2 182.3 223.4 227.4 228.1 227.5 229.2
 SrO 46.8 84.8 51.8 67.8 66.9 139.3 110.6 295.3 91.3 87.2 63.0 84.8 84.9
 ZrO2 112.9 135.6 208.2 179.7 168.0 276.4 119.4 134.7 148.6 152.6 137.9 135.6 137.5
 Y2O3 27.3 20.8 24.9 21.5 25.0 24.4 8.5 23.6 25.1 22.4 21.7 20.8 21.1
 Nb2O5 19.9 21.9 29.2 26.2 20.0 33.5 19.0 17.3 22.3 23.2 22.7 21.9 23.0
 Ga2O3 36.3 34.0 33.2 36.0 31.3 42.9 33.5 25.3 34.8 34.5 36.0 34.0 32.9
 CuO 17.4 4.8 1.4 5.6 23.4 3.3 35.7 25.7 55.2 2.1 1.4 4.8 6.0
 ZnO 74.4 41.3 36.1 53.1 52.4 17.3 44.8 45.5 52.4 21.5 22.0 41.3 41.8
 PbO 7.1 7.4 6.7 8.0 9.8 6.4 6.7 8.8 13.7 6.9 7.3 7.4 8.3
 La2O3 44.1 61.2 71.0 72.9 65.6 78.5 34.4 52.3 60.5 66.6 62.4 61.2 62.3
 CeO2 87.9 114.6 115.8 132.4 133.7 155.6 53.6 103.7 124.4 117.5 112.7 114.6 116.3
 ThO2 15.0 16.9 17.7 18.8 20.3 20.6 12.8 15.6 20.3 19.0 17.7 16.9 17.5
Nd2O3 36.7 46.1 42.7 45.8 48.6 42.0 21.2 41.6 47.6 45.7 47.9 46.1 46.3
U2O3 1.5 2.0 2.3 1.4 2.5 1.7 4.5 2.2 1.9 1.0 3.4 2.0 0.9
Cs2O 21.1 17.7 22.9 16.4 13.7 7.6 5.3 9.3 14.8 15.4 16.0 17.7 18.4
As2O5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
W2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
sum tr. 1697  1943  1601  1703  1743  2182  1617  2561  1784  1733  1540  1943  1951  
in % 0.17  0.19  0.16  0.17  0.17  0.22  0.16  0.26  0.18  0.17  0.15  0.19  0.20  
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XRF Precision 
(Johnson et al., 1999) 
  
Trace E lements (ppm):
SiO2 0.99929 0.58 Ni 0.9992 3.5
TiO2 0.99992 0.017 Cr 0.9998 3
Al2O3 0.99949 0.16 Sc 0.997 1.6
FeO* 0.99948 0.2 V 0.9996 5
MnO 0.99983 0.002 Ba 0.9997 11.7
MgO 0.99994 0.076 Rb 0.9998 1.7
CaO 0.99976 0.064 Sr 0.99992 4.6
Na2O 0.99981 0.045 Zr 0.99994 3.9
K2O 0.99992 0.031 Y 0.9987 1.2
P2O5 0.9999 0.005 Nb 0.99987 1.2
Ga 0.955 2.7
Estimated LOI 0.966 1 Cu 0.994 7.4
SO3 0.989 0.07 Zn 0.9991 3.3
Cl 0.992 0.002 Pb 0.9966 2.6
La 0.9941 5.7
SiO2 0.99992 0.19 Ce 0.996 7.9
TiO2 0.99996 0.012 Th 0.997 1.6
Al2O3 0.99987 0.082 Nd 0.992 4.3
FeO* 0.99956 0.18 U 0.983 2.7
MnO 0.99988 0.002 Bi 0.758 2
MgO 0.99994 0.073 Cs 0.365 5.1
CaO 0.99998 0.043
Na2O 0.99989 0.036
K2O 0.99998 0.015
P2O5 0.99996 0.003
Normalized Major E lements 
(Weight %):
Unnormalized Major E lements 
(Weight %):
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Appendix III 
Theriak-Domino Modeling Composition Data
Sample 
GS3a-c wt%
Normalized 
wt%
molecular 
wt
moles/
100g mol%
compound 
ratio Cat wt%
Cat 
molecular 
wt
Cat 
moles/100g Cat mol%
 SiO2  56.95 57.6196808 60.09 0.95889 67.28179 2.1392 26.62151 28.09 0.947722062 49.67012
 TiO2  0.665 0.67330011 79.870 0.00843 0.591499 1.6681 0.398933 47.87 0.008333673 0.436768
 Al2O3 19.94 20.1744979 101.96 0.19787 13.88359 1.8895 10.55283 26.98 0.391135437 20.49941
 FeO* 5.97 6.04248046 71.85 0.0841 5.900888 1.2865 4.642145 55.85 0.083118091 4.35622
 MnO   0.009 0.0086912 70.940 0.00012 0.008596 1.2912 0.006653 54.94 0.000121091 0.006346
 MgO   1.80 1.81676496 40.31 0.04507 3.162386 1.6582 1.082867 24.31 0.044544096 2.334557
 CaO   0.12 0.11950151 56.08 0.00213 0.149518 1.3992 0.084413 40.08 0.002106101 0.110381
 Na2O  0.31 0.31820528 61.98 0.00513 0.360234 1.348 0.233309 22.99 0.010148265 0.531871
 K2O   11.49 11.628263 94.20 0.12344 8.661495 1.2046 9.54081 39.1 0.244010492 12.78859
LOI 1.58 1.59861475 8.937 0.176793 1 0.176793107 9.265729
 Sum 98.84 100 1.42518 1.908032413
Sample 
RL4a wt%
Normalized 
wt%
molecular 
wt
moles/
100g mol%
compound 
ratio Cat wt%
Cat 
molecular 
wt
Cat 
moles/100g Cat mol%
 SiO2  57.90 58.7329718 60.09 0.97742 68.53821 2.1392 27.06508 28.09 0.963512842 50.62505
 TiO2  0.691 0.70108152 79.870 0.00878 0.615514 1.6681 0.41431 47.87 0.008654892 0.454747
 Al2O3 20.47 20.7662189 101.96 0.20367 14.28172 1.8895 10.83401 26.98 0.401557042 21.09867
 FeO* 3.84 3.89935065 71.85 0.05427 3.80556 1.2865 2.987866 55.85 0.053498054 2.810903
 MnO   0.006 0.00609671 70.940 8.6E-05 0.006026 1.2912 0.004655 54.94 8.47212E-05 0.004451
 MgO   1.86 1.88662354 40.31 0.0468 3.281901 1.6582 1.121572 24.31 0.046136223 2.424097
 CaO   0.03 0.02680119 56.08 0.00048 0.033512 1.3992 0.018882 40.08 0.000471113 0.024753
 Na2O  0.35 0.35372099 61.98 0.00571 0.400186 1.348 0.258672 22.99 0.011251505 0.591178
 K2O   11.97 12.1405861 94.20 0.12888 9.037364 1.2046 9.935174 39.1 0.254096509 13.35078
LOI 1.47 1.48654856 8.937 0.163971 1 0.163970606 8.61537
 Sum 98.58 100 1.42609 1.903233508
68 
 
68 
 
References 
Ague, J.J., 1991, Evidence for major mass transfer and volume strain during regional metamorphism of 
pelites. Geology,  v. 19, p. 855-858. 
Ague, J.J., 1994, Mass transfer during Barrovian metamorphism of pelites, south-central Connecticut, I: 
Evidence for changes in composition and volume. American Journal of Science, v. 294, p. 989-
1057. 
Allmendinger, R., Cardozo, N., Fisher, D.M., 2011, Structural Geology Algorithms, Vectors and Tensors. 
Cambridge University Press, available 11/2011.  
Atwater, T., 1970, Implications of Plate Tectonics for the Cenozoic Tectonic Evolution of Western North 
America. GSA Bulletin, v. 81, no. 12 p.3513-3536. 
Baldwin, J.A., Powell, R., Brown, M., Moraes, R., and Fuck, R.A., 2005, Modelling of mineral  
equilibria in ultrahigh-temperature metamorphic rocks from the anápolis-Itauçu  
Complex, central Brazil. Journal of Metamorphic Geology, v. 23, p. 511-531.  
 Berger, Aaron, and Elliot, Colleen, 2006, Detailed Structural Geology of the Central Part of the West 
Valley 7.5’ Quadrangle, Southwest Montana. Montana Bureau of Mines and Geology Open-File 
Report 560. 
Blatt, Harvey, Tracy, Robert J., Owens, Brent E., 2006,  Petrology: igneous, sedimentary, and 
metamorphic, 3rd ed., MacMillan Publishing. 
Borisov, M.V., Bychkov, D.A., Shvarov, Yu. V., 2006, Geochemical structure of base-metal filling veins and 
parameters of hydrothermal ore formation. Geochemistry International, v. 44, no. 1 p. 1129-
1147. 
Boulter, C.A., 1976, Sedimentary fabrics and their relation to strain-analysis methods. Geology 1976 
4(3): 141-146. 
Brenner, R.L., 1964, Geology of the Lubrecht Experimental Forest, Missoula County, Montana: Missoula, 
University of Montana, M.S. thesis, 90 p., map scale 1:24,000. 
69 
 
69 
 
Brimhall, G.H., Dietrich, W.E., 1987, Constitutive mass balance relations between chemical composition, 
volume, density, porosity, and strain in metasomatic hydrochemical systems: Results on 
weathering and pedogenesis. Geochimica et Cosmochimica Acta, v. 51, p. 567-587. 
Brun, J.P., Pons, J. , 1981, Strain patterns of pluton emplacement in a crust undergoing non-coaxial 
deformation, Sierra Morena, Southern Spain. Journal of Structural Geology, v. 3-3, 219-229. 
 Burtis, E., 2003, Neoproterozoic Sills and Dikes in Northwestern Montana: Implications for Magmatic 
Activity Associated with Early Windermere Rifting, unpublished M.S. thesis, University of 
Montana, Missoula. 
Coggon, R., Holland, T.J.B., 2002, Mixing properties of phengitic micas and revised garnet-phengite 
thermobarometers. J. Metamorphic Geology, v. 20, no. 7, p. 683-696. 
Compton, Robert R., 1985, Geology in the Field. John Wiley and Sons, Inc. 
Czeck, Dyanna M., and Hudleston, Peter J., 2003, Testing models for obliquely plunging lineations in 
transpression: a natural example and theoretical discussion. Journal of Structural Geology, v. 25, 
959–982. 
de Capitani, C., Petrakakis, K., 2010, The computation of equilibrium assemblage diagrams with 
Theriak/Domino software. American Mineralogist,  95(7) p. 1006-1016 
Dyer, B., Lee, C.A., Leeman, W.P., Tice, M., 2011, Open-system behavior during pluton-wall-rock 
interaction as constrained from a study of endoskarns in the Sierra Nevada batholith, California. 
Journal of Petrology, first published online August 12, 2011 doi:10.1093/petrology/egr037. 
Emmons, W.H., Calkins, F.C., 1913, Geology and ore deposits of the Philipsburg Quadrangle, Montana. 
USGS Professional Paper 78. 
Erslev, E.A., 1988, Normalized center-to-center strain analysis of packed aggregates. Journal of 
Structural Geology, v. 10, 201-209. 
Gillerman, V.S., and E.H. Bennett, 2010, Idaho mining and exploration, 2009.  Idaho Geological Survey 
Staff Report 10-5, 19 p. 
Griffin, J.H., 1989, Structural style in a left-lateral thrust ramp zone, Bearmouth, Montana. Unpublished 
M.S. thesis , University of Montana, Missoula, 68 p.  
70 
 
70 
 
Harlan, S.S., Premo, W.R., Unruh, D., Geissman, J.W., 2005, Isotopic dating of Meso- and Neoproterozoic 
mafic magmatism in the southern Tobacco Root Mountains, Southwestern Montana. 
Precambrian Research, v. 136-3-4, 269-281. 
Harrison, J.E., Griggs, A.B., and Wells, J.D., 1974, Tectonic features of the Precambrian Belt basin and 
their influence on post-Belt structures. U.S. Geological Survey Professional Paper 866, 15 p. 
Heinrich, Christoph A.; Driesner, Thomas; Stefansson, Andri; Seward, Terry M.; 2004, Magmatic vapor 
contraction and the transport of gold from the porphyry environment to epithermal ore 
deposits. 
Holland, T.J.B, Powell, R., 1998, An internally consistent thermodynamic data set for phases of 
petrological interest. J. metamorphic Geol., 16, 309-343. 
Hyndman, D.W., Alt, D., and Sears, J.W., 1988, Post-Archean metamorphic and tectonic evolution of 
western Montana and northern Idaho, in Ernst. W.G., (ed.), Metamorphic and Crustal Evolution 
of the Western United States, Ruby volume VII: Englewood Cliffs, NJ. Prentice Hall, p. 333-361. 
Johnson, D.M., Hooper P.R., and Conrey, R.M., 1999, XRF Analysis of Rocks and Minerals for Major and 
Trace Elements on a Single Low Dilution Li-tetraborate Fused Bead. Advances in X-ray Analysis, 
vol 41, p. 843-867. 
Kaufman, M.E., 1963, Geology of the Garnet Bearmouth area, western Montana: Montana Bureau of 
Mines and Geology, Memoir 39, 40p. 
Lonn, J.D., McDonald, C., Sears, J.W., Smith, L.N., 2010, Geologic Map of the Missoula East 30’ x 60’ 
Quadrangle, Western Montana. MBMG Open File Report 593.  
Lewis, R.S., Vervoort, J.D., McClelland, W.C., and Chang, Z., 2004, Age constraints on metasedimentary 
rocks northwest of the Idaho batholith based on detrital zircons and intrusive sills. Geological 
Society of America Abstracts with Programs, v. 36, no. 4 pp. 87. 
Mann, L.S., 2004, An examination of the contact metamorphic aureole of the Garnet stock, Garnet-
Coloma area, Montana: Missoula, University of Montana, M.S. thesis, 147 p., map scale 
1:24,000. 
71 
 
71 
 
Mann, L.S., and Sears, J.W., 2004, The Contact metamorphic aureole of the Late Cretaceous Garnet 
stock, Garnet-Coloma area, Montana. Northwest Geology, v. 33, p. 34-48. 
Mcquarrie, N., Wernicke, B.P., 2005, An animated tectonic reconstruction of southwestern North 
America since 36 Ma. Geosphere, v.1, no. 3 p. 147-172. 
Mejstrick, P.F., 1980, unpublished reconnaissance mapping of Tertiary volcanic rocks, Chimney Lakes 
and Wild Horse Parks 7.5 minute quadrangles, scale 1:24,000. 
Melson, W.G., 1971, Geology of the Lincoln Area, Lewis and Clark County, Montana. Smithsonian 
Contributions To The Earth Sciences, Smithsonian Institution Press, no. 7, 29 p. 
Paterson, S.R., Tobisch, O.T., 1988, Using pluton ages to date regional deformations: Problems with 
commonly used criteria. Geology, v.16, 1108-1111. 
Paterson, S.R., Brudos, T., Fowler, K., Carlson, C., Bishop, K., 1991, Papoose Flat pluton: Forceful 
expansion of postemplacement deformation? Geology, v. 19, 324-327. 
Penniston-Dorland, S.C., Ferry, J.M., 2008, Element mobility and scale of mass transport in the formation 
of quartz veins during regional metamorphism of the Waits River Formation, east-central 
Vermont. American Mineralogist, v. 93, no. 1 p. 7-21. 
Portner, R., Hendrix, M., 2005, Preliminary Geologic Map of the Eastern Flint Creek Basin. MBMG Open 
File Report 521. 
Priest, B.M., 2000, Structural and paleomagnetic study of thrust rotation of a Late Cretaceous sill, Gibson 
Reservoir, Bob Marshall Wilderness, Montana, unpublished M.S. thesis, University of Montana, 
Missoula, 120 p.  
Ramsay, J.G., and Huber, M.I., 1983, The Techniques of Modern Structural Geology. Academic Press, 
307p. 
Ruppel, E.T., Wallace, C.A., Schmidt, R.G., Lopez, D.A., 1981, Preliminary interpretation of the thrust belt 
in southwest and west-central Montana and east-central Idaho. Montana Geological Society 
Field Conference and Symposium Southwest Montana, Billings, Montana, p.139-159. 
72 
 
72 
 
Sears, J.W., 1988, Two major thrust slabs in the west-central Montana Cordillera, in Schmidt, C.J., and 
Perry, W.J., (eds.), Interaction of the Rocky Mountain foreland and the Cordilleran thrust belt. 
Geological Society of America, Memoir 171, Ch. 11, p. 165-170. 
Sears, 1989, Description of the Red Lion Formation near Elk Creek, South of the Garnet stock, 
unpublished field notes. 
Sears, J.W., Chamberlain, K.R., and Buckley, S.N., 1998, Structural and U-Pb geochronological evidence 
for 1.47 Ga rifting in the Belt Basin, western Montana. Canadian Journal of Earth Sciences, v. 35, 
p. 467-475. 
Sears, J.W., 2001, Emplacement and denudation history of Lewis-Eldorado-Hoadley thrust slab in the 
northern Montana Cordillera, USA: Implications for steady-state orogenic processes. American 
Journal of Science, v. 301, 359-373. 
Sears, J.W., 2007, Belt-Purcell basin: Keystone of the Rocky Mountain fold-and-thrust belt, United States 
and Canada: in Sears, J.W., Harms, T.A., and Evenchick, C.A., (eds.), Whence the Mountains? 
Inquiries into the evolution of orogenic systems. Geological Society of America, Special Paper. 
Sears, J.W., and Hendrix, M., 2004, Lewis and Clark line and the rotational origin of the Alberta and 
Helena salients, North American Cordillera, in Sussman, A., and Weil, A., eds. Orogenic 
curvature. Geological Society of America Special Paper, p. 383, p. 173-186. 
Sears, J.W., MacDonald, C., and Lonn, J., 2010, Lewis and Clark Line, Montana: Tectonic evolution of a 
crustal-scale flower structure in the Rocky Mountains, in Morgan, L.A., and Quane, S.L., (eds.), 
Through the generations: Geologic and anthropogenic field excursions in the Rocky Mountains 
from modern to ancient: Geological Society of America, Field Guide 18, p. 1-20 
Suppe, J., 1985, Principles of structural geology: Englewood Cliffs, New Jersey, Prentice-Hall, Inc., 537p. 
van der Pluijm, Ben A., Marshak, Stephen, 2004, Earth Structure, W.W. Norton and Company, Inc., 645p.  
van der Pluijm, Ben A., Vrolijk, Peter J., Pevear, David R., Hall, Chris M., and Solum, John, 2006, Fault 
dating in the Canadian Rocky Mountains: Evidence for late Cretaceous and early Eocene 
orogenic pulses. Geological Society of America, 34, 10, 837-840. 
73 
 
73 
 
Viola, Giulio and Mancktelow, Niels S., 2005, From XY tracking to buckling: axial plane cleavage fanning 
and folding during progressive deformation. Journal of Structural Geology v. 27 409-417. 
Wallace, C.A., Lidke, D.J., and Schmidt, R.G., 1990, Faults of the central part of the Lewis and Clark line 
and fragmentation of the Late Cretaceous foreland basin in west-central Montana. GSA Bulletin, 
v. 102, no. 8; p. 1021-1037. 
Wanless, H.R., 1979, Limestone response to stress; pressure solution and dolomitization. Journal of 
Sedimentary Research, vol. 49 no. 2, 437-462. 
White, R. W., Powell, R., Holland, T. J. B. & Worley, B. A.,2000. The effect of TiO2 and Fe2O3 on 
metapelitic assemblages at greenschist and amphibolite facies conditions: mineral equilibria 
calculations in the system K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3. Journal of Metamorphic 
Geology, v. 18,p. 497–511. 
White, R. W., Powell, R. & Holland, T. J. B., 2007. Progress relating to calculation of partial melting 
equilibria for metapelites. Journal of Metamorphic Geology, v. 25, p. 511–527. 
Wilkie, K.M., 1986, The Geology of the Garnet-Coloma area Garnet Range, Montana: Unpublished 
Master’s Thesis, Iowa State University, Ames, Iowa, 169p. 
Winston, D., 1986, Sedimentationand tectonics of the Middle Proterozoic Belt basin and their influence 
on Phanerozoic compression and extension in western Montana and northern Idaho: in 
Peterson, James A., (ed.), Paleotectonics and Sedimentation in the Rocky Mountain region, 
United States. American Association of Petroleum Geologists Memoir 41, p. 87-118. 
Yardly, B.W.D., 1989, An introduction to metamorphic pertrology. Longman Scientific & Technical, 248 p. 
Yoshinobu, Aaron S., Girty, Gary A., 1999, Measuring host rock volume changes during magma 
emplacement. Journal of Structural Geology, 21, p. 111-116. 
Yoshinobu, Aaron S., Girty, Gary A., 2000, Measuring host rock volume changes during magma 
emplacement: Reply. Journal of Structural Geology, 22, p. 521-522. 
Yin, An, and Oertel, Gerhard, 1995, Strain analysis of the Ninemile fault zone, western Montana: insights 
into multiply deformed regions. Tectonophysics, v. 247 p. 133-143.  
 
74 
 
74 
 
 
